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Abstract 26 
The Atlantic Rainforest, covering the area from the northern Espirito Santo to Southern 27 
Bahia states, has been considered as a stable forest during Pleistocene Glacial times. 28 
Despite the modelling and phylogenetic studies, this hypothesis has never been tested 29 
with empirical paleo-data and vegetation reconstruction. By using palynology, 30 
radiocarbon dating, carbon and nitrogen elemental and isotope of organic matter, we 31 
reconstructed the vegetation dynamics and inferred climatic changes since Late 32 
Pleistocene in the centre of this global biodiversity hotspot. Our results show that the 33 
forest biome was resilient to Last Glacial Maximum - LGM conditions, but floristics has 34 
changed when compared to nowadays. Since late glacial, the dense forest changed from 35 
cold to warm specimens. Major vegetation changes also occurred during early and mid-36 
Holocene less humid conditions, with an opening of the forest, suggesting that future 37 
drought may have negative impacts and highlighting the importance of forest 38 
conservation to keep the Atlantic Rainforest biodiversity. 39 
Keywords: Palynology, Carbon Isotope, Radiocarbon dating, LGM, Tropical forest 40 
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1. Introduction 43 
Some theories have been proposed to explain the high percentage of endemism 44 
(Prance, 1982, 1987; Mori et al. 1981), the greatest diversity of species (Smith, 1962), 45 
and botanical uniqueness (Mori et al. 1981) of tropical forests. From Northern Espírito 46 
Santo to Southern Bahia, the Atlantic Rainforest was considered stable during 47 
Pleistocene, referred to as Bahia forest refuge (Prance, 1982) or as the most "historically 48 
stable regions of Atlantic forest" (Carnaval and Moritz, 2008), considered a global 49 
biodiversity hotspot (Carnaval et al. 2009). 50 
In this context, paleoenvironmental studies have contributed to understanding 51 
the Atlantic Rainforest vegetation dynamics, its distinct local response to Quaternary 52 
climate and instigated the debate about forests refuge hypothesis, especially in ecotone of 53 
forests versus savanna.  54 
A wide range of climatic conditions can be noted in the Atlantic forest along 55 
Brazil, and three main areas based on fossil pollen records can be defined as follows: 56 
North Atlantic Forest (NAF; 5°-15°S), Central Atlantic Forest (CAF; 15°-23°S), and 57 
South Atlantic Forest (SAF; 23°-30°S; Ledru et al. 2017). The southern area host mainly 58 
species adapted to cool wet climate as Araucaria angustifolia, the central area, where the 59 
study area is located, is composed of coastal forest and inland areas dominated by semi-60 
deciduous forests, whereas north represents a moist cool semi-deciduous forests restricted 61 
to the coastal zones, lowland and mountaintops (Ledru et al. 2016, 2017).  62 
In central and western regions of Atlantic Forest, the Last Glacial Maximum 63 
(LGM) was characterized by the expansion of grasslands and savannas elements and 64 
decrease of arboreal pollen (Behling and Lichte, 1997; Stevaux, 2000; Ledru et al. 2005; 65 
Ledru et al. 2009) or isotopic variations from C3 to C4 plants recorded in soil organic 66 
matter (Gouveia et al. 2002; Pessenda et al. 2004; Saia et al. 2008) in the Late 67 
 
Pleistocene/Mid-Holocene interval. Other studies have shown no evidence of forest's 68 
reduction, but the maintenance of the local humidity or the mosaics (forest and 69 
grasslands), even during LGM (De Oliveira, 1992; Cruz Junior et al. 2006, 2007; 70 
Pessenda et al. 2009), corroborating to the hypothesis of the existence of stable tropical 71 
forested areas during glacial times.  72 
Studies of ecological niche models under paleoclimate compared to small 73 
animal’s indicators and DNA proposes that the areas referred as forest refuge were 74 
maintained as stable forests, whose high contemporary diversity allowed the development 75 
of high local biodiversity (Carnaval and Moritz, 2008; Carnaval et al. 2009; Leite et al. 76 
2016).  77 
The key aim of this study was to provide empirical paleovegetation data obtained 78 
from the middle of the area considered historically stable Rainforest, which has the 79 
highest biodiversity compared to the entire Atlantic forest biome and test if the rainforest 80 
was stable through the Late Quaternary as previously indicated by DNA and Modelling-81 
based hypothesis. Our question in this paper is to check how this area responded to LGM 82 
and drier mid-Holocene climate by using palynology, radiocarbon dating and Nitrogen 83 
and Carbon elemental and isotope analysis.  84 
Understanding response to LGM and mid Holocene climate change will help to 85 
test the performance of vegetation/climate models and the identification of priority areas 86 
for conservation.  87 
 88 
1.1 Regional Settings 89 
At the northern coast of Espírito Santo state, Brazil, between Doce and São 90 
Mateus rivers, two ecological reserves of Atlantic Rainforest, Vale Nature Reserve 91 
 
(VNR) and Sooretama Biological Reserve (ReBio Sooretama) cover an area of 92 
approximately 50,000 ha of preserved vegetation (Fig 1). 93 
The sampling point, known as Brejo do Louro (BL), comprises an herbaceous 94 
slightly depressed bog surrounded by dense Atlantic Rainforest, ~33km far from the 95 
current coastline, ~45 metres above sea-level (m.a.sl), and located at 19°06’32.2’’S/ 96 
40°01’53.8’’W. The topographic difference between the bog and the forest adjacent is 97 
~4-5m, and the area becomes flooded during the rainy season, presenting a water column 98 
around 0.5 m that preserves plant remains in an anoxic environment, developing a suitable 99 
place to peat preservation.  100 
Underneath the peat, the substrate contains coarse-grained sand, classified as 101 
Spodosol (Santos et al. 2013) based on maps of soil distribution and researches developed 102 
(Schiavo et al., 2020) in the study area. Spodosols are usually found in cold climates, as 103 
northern Europe and Central Asia, but can be present in tropical regions too. In Brazil, 104 
Spodosols are present mainly in coastal environments (Gomes et al. 2007; Oliveira et al. 105 
2010; Coelho et al. 2010) and in Amazon, upper Rio Negro basin (Mafra et al. 2002). It 106 
is composed of relatively young soils, nutrient poor and strongly influenced by water 107 
table fluctuations (Calegari et al. 2017). 108 
The regional climate is strongly seasonal classified as "Aw" - tropical humid- at 109 
the Köppen System (Köppen, 1948) with an average temperature ranging between 20 - 110 
26°C. The mean annual precipitation is 1215 mm (data obtained at RNV meteorological 111 
station) highly concentrated during austral summer, controlled by the South America 112 
Monsoon System (SAMS) - the South Atlantic Convergence Zone (SACZ) (Carvalho et 113 
al. 2004; Garreaud et al. 2009). The dry season occurs during austral winter, from May 114 
to September. The other two important air masses that bring humidity to this region are 115 
the South Atlantic Trade Winds and the Atlantic Polar Front (Dominguez et al. 1992). 116 
 
The annual rainfall increases and the seasonality decreases from Espirito Santo to 117 
Southern Bahia, sustaining warm and humid coastal rainforest (Oliveira-Filho and Fontes, 118 
2000).  119 
The region presents diverse phytophysiognomies inserted at Atlantic Rainforest 120 
latu sensu domain (Rizzini, 1997), basically composed by Tabuleiro's forest (1), 121 
grasslands (2) and rare and narrow areas of mangroves at the coast; 122 
(1) Characterized by a canopy around 30 m, containing emergent threes up to 123 
40m (Rizzini, 199730). It is also present a lower arboreal stratum of 20 m and a 124 
not so dense herbaceous stratum. Some typical taxa present disjunct distribution 125 
with the Amazon biome (Mori et al. 19813) as Parkia pendula, Swartzia 126 
polyphylla, Lycania cymosa and Anthodiscus amazonicus; and some elements 127 
endemics from Tabuleiros’s forest as Hydrogaster trinervis; and elements 128 
widespread in other areas of Atlantic Rainforest from Southeast Brazil. This type 129 
of vegetation (i.e. Tabuleiro's forest) occurs from Rio de Janeiro to Pernambuco, 130 
but the central area is from northern Espirito Santo to Southern Bahia, above the 131 
Neogene deposits of Barreiras Formation.  132 
(2) Also called campos nativos or mussununga vegetation, settled over Spodosol 133 
patches that become flooded during the rainy season (IBGE, 1987). Campos 134 
nativos ranges from grasslands to woodlands with sparse trees as a response to 135 
soil water retention (Sporetti-Junior et al., 2012). Stress tolerator and mesic 136 
species are related to being found in campos nativos such as taxa of Poaceae, 137 
Melastomataceae, Bromeliaceae, Bignoniaceae, and Myrtaceae (Candido et al., 138 
2019). 139 
2. Material and Methods 140 
2.1. Sampling and substrate features 141 
 
A 123-cm long core was collected in the middle of Brejo do Louro bog using a 142 
vibro-corer aluminum tube system. The water table was right below the bottom of the 143 
tube. At 14C Laboratory of CENA/USP, substrate samples were systematically taken each 144 
2 cm to perform the analyses and described according to the variation of colours, grain 145 
size, and texture. Roots, charcoal and vegetation fragments were also recorded and 146 
collected. To grain size analysis, sub-samples were sent in natura to the Geosciences 147 
Institute from the University of São Paulo (USP). The grain size distribution was 148 
performed using a Laser Diffraction Particle Size Analyzer Malvern Mastersizer - 2000. 149 
 150 
2.2. 14C dating and age-depth model 151 
 152 
Fourteen substrate organic matter samples were sent to radiocarbon dating by 153 
accelerator mass spectrometer (AMS) at the University Federal Fluminense Radiocarbon 154 
Laboratory (LACUFF) and Centre for Applied Isotope Studies at the University of 155 
Georgia, USA (UGAMS). Organic bulk substrate samples were physically and 156 
chemically-treated based on Pessenda et al. (2009). Radiocarbon dates were reported as 157 
14C yr (1 σ) BP (Before 1950 AD) and in calibrated years as cal yr (2σ) BP (Reimer et al. 158 
2013) and each sample normalized to isotope fractionation (δ13C) with respect to VPDB 159 
(Vienna Pee Dee Belemnite Standard) in the conventional δ (‰) notation, with standard 160 
deviation of ± 0.2‰. The Bayesian age-depth model of the BL core was obtained using 161 
the Bacon R package v.2.3.5 (Blaauw and Christen, 2011) and Intcal13 calibration curve 162 
(Reimer et al., 2013). All results and discussions are based on the mean calibrated age 163 
(mean cal yr B.P.). 164 
 165 
2.3. C and N analyses 166 
 
Elemental and isotopic analyses of total carbon and nitrogen of organic matter 167 
were performed each 2 cm and bulk substrate samples pre-treated physically and 168 
chemically according to Pessenda et al. (1996). The most representative modern plant 169 
species around the sampling point were also analysed to carbon isotope. Modern plants 170 
collected around the sampling point were washed in deionized water, dried at 40°C, and 171 
grinded. Then, plants and substrate subsamples were sent to the Stable Isotope Laboratory 172 
of CENA/USP (São Paulo, Brazil), and analyses were carried out on an elemental 173 
analyser attached to a Mass Spectrometry ANCA SL 2020 of Europa Scientific. Total 174 
Carbon and Nitrogen are expressed as percentages of dry weight. δ13C and δ15N are 175 
measured with respect to VPDB and atmospheric nitrogen, respectively, using the 176 
conventional δ (‰) notation, with standard deviation of ± 0.2‰. 177 
 178 
 2.4. Palynology 179 
 180 
Subsamples of 2 cm3 were processed each 2-cm with the addition of two spikes 181 
of exotic Lycopodium clavatum spores (Batch number: 177745, Lund University, 2008) 182 
to determinate pollen and spore’s concentration (Colinvaux et al. 1999). The samples 183 
were sieved (0.210 mm) before the chemical treatment, due to the high concentration of 184 
coarse-grained sand. The procedure was based on the addiction of HF to remove minerals, 185 
KOH and acetolysis to remove humic acids, and the organic contents of the 186 
palynomorphs. For each sample, at least 300 terrestrial pollen grains (trees, shrubs and 187 
herbs) were counted using ZEISS photomicroscopes at 1000x. Non-terrestrial taxa, fern 188 
spores and algae were not included in the total pollen sum. Identification was based on 189 
the pollen reference collection of the 14C Laboratory (CENA/USP) and from the 190 
University of Reading, UK. Pollen diagrams were plotted using TILIA and TGView 191 
 
1.7.16 and CONISS - cluster analysis by similarity index - to calculate the zone 192 
boundaries (Grimm, 1992).  193 
 194 
3. Results and Discussions  195 
3.1 14C dating   196 
The 14C dating results of BL core (Table 1) revealed ages ranging from ~35,910 197 
cal yr. BP (119 cm) to ~2140 cal yr. BP (11 cm), and substrate accumulation rates ranging 198 
from 0.007 mm/yr. (49-45 cm) to 0.44 mm/yr. (53-49 cm). Fourteen radiocarbon dating 199 
in a 123 cm core provided a high resolution. Approximately the same ages were recorded 200 
for the depths 49 (~13,740 cal yr. BP) and 45 cm (~13,650 cal yr. BP), which reflects low 201 
accumulation rates (0.009 mm/yr.). Ages inversions were observed between 71 (~20,880 202 
cal yr. BP), 61 (~22,020 cal yr. BP) and 57 cm (~20,940 cal yr. BP). All the samples 203 
received the same chemical treatments, and both LACUFF and UGAMS laboratories 204 
were inter-calibrated (Macario et al. 2013).  205 
Thus, the age inversions may be due to erosion processes and/or bioturbation 206 
during the soil formation (Boulet et al. 1995). Furthermore, the content of organomineral 207 
complexes in the samples may have influenced the radiocarbon dating, once organic clay 208 
complexes tend to rejuvenation the soil organic matter (Scharpenseel and Becker-209 
Hedimann, 1992). A similar interpretation can be found at Nativo do Flamengo, 11 km 210 
from BL (Buso Junior et al. 2019). Also, we cannot discard a depositional hiatus between 211 
53 to 49 cm (19,310 to 13,740 cal yr BP), and 45 to 41 cm (13,650 to 9500 cal yr BP), 212 
probably due to erosion processes associated with the water table movements in the bog.  213 
3.2 Substrate features  214 
 
No substrate structures were visible along the core. Medium grained sand (>50%) 215 
containing organic matter domains the profile from 123 to 20 cm, >35,910 to 7300 cal yr 216 
BP (Fig 2). The range of sand compounds varies from 83 to 90%, and from 50 to 80% 217 
along the 119 - 75 cm (35,910 to 24,260 cal yr BP – estimated age) and 75 - 0 cm (< 218 
24,620 cal yr BP – estimated age) intervals, respectively; followed by silt (5 to 30%). 219 
From ~16 cm to the top (< 4000 cal yr BP), vegetal remains and roots were preserved, 220 
probably due to the proximity to the water table most of the year.  221 
Considering the depression where the sampling site is located and the relative 222 
abundance of mud along the stratigraphic profile, probably such deposit was formed by a 223 
vertical accretion in a lake during at least 36,000 years. This environment favoured the 224 
continuous accumulation and preservation of pollen grains. However, post-depositional 225 
process may have increased the ratio sand/mud along the studied core, since previous 226 
works indicate that deposits suffered podsolization (Santos et al. 2004). This process 227 
causes weathering and migration of aluminium, iron, and organic matter along the profile 228 
with the formation of cemented B spodic horizon, characteristic of Spodosols (Santos et 229 
al. 2009; Schiavo et al. 2020). The organic matter content, its quality, and mobilization 230 
play an important role in the weathering of minerals and the transfer of metal ions (Fritsch 231 
et al. 2009, 2011; Nikodem et al. 2013). This process may have favored the proportional 232 
increase in the sand fraction in the studied deposits, where kaolinite (Si2Al2O5), which 233 
constitutes the silt/clay fraction, is more easily weathered. The sandy fraction represented 234 
by quartz (SiO2) grains is more resistant to physical and chemical weathering. The time 235 
required for the formation of Spodosols may require between 300 and 3000 years, 236 




3.3 Late Pleistocene and Holocene vegetation 240 
3.3.1. Late Pleistocene 241 
 242 
Despite the substantial concentration of organic matter and TOC values around 243 
12%, palynomorphs were not preserved in the substrate dating from ~35,900 to ~33,460 244 
cal yr BP (119-103 cm; 0.06 mm/yr; Fig. 2). The absence of palynomorphs may be due 245 
to leaching of pollen grains caused by fluctuations in the water table, as proposed for 246 
phytoliths at this site (Calegari et al. 2017).  247 
Carbon isotope values (δ13C) with a mean value of -28‰, typical of C3 plants, 248 
indicates the presence of the forest and/or C3 grasses sources since at least ~33,460 cal yr 249 
BP (103 cm). Trees and shrubs types (~85%) dominated the pollen spectra at the end of 250 
the early glacial (Fig. 2). Tapirira was the most abundant (~21%), probably due to its 251 
relatively high pollen dispersal power (Behling and Negrelle, 2006) followed by 252 
Symplocos (~12%) and Ilex (~10%). Together with Podocarpus (~4%), the pollen 253 
assemblage indicates the presence of plant communities very different from the present 254 
(Fig. 3). Symplocos, Ilex, and Podocarpus are strongly related to high altitudes and 255 
relatively low temperatures in South and Southeastern Brazil (Oliveira-Filho and Fontes, 256 
2000). Also, Podocarpus is a conifer indicator of cold and moist climate (Ledru et al. 257 
2009). Besides that, pollen traps from Atlantic Rainforest of Santa Catarina state 258 
(Southern Brazil), characterized as meso-thermic with no frosts and very humid without 259 
a dry season, shows similar pollen assemblage found at BL from ~33,460 to ~13,740 cal 260 
yr BP (103-49 cm; 0.04-0.44 mm/yr) as: Tapirira (24.9%), Alchornea (12%), Rapanea 261 
(6.8%), Sloanea (5.4%), Ilex (0.9%) and Podocarpus (0.8%) (Behling and Negrelle, 262 
2006).  263 
 
Typically forest trees such as Laplacea (4%), Eriotheca (3%), Virola (2%) 264 
Sloanea (~1%) indicate the presence of the dense forest near BL (Fig. 3). The rare type 265 
Glycidendron (present up to ~1%), known as disjunct genera between Amazon and 266 
Atlantic Rainforest (Buso Junior et al. 2013), indicates the humid forest conditions and 267 
that genera occupied the region since at least ~25,760 cal yr BP (81 cm) (Fig. 3). 268 
Despite the increase of Poaceae (from 7% to 37%) and decrease of arboreal/shrub 269 
specimens between ~25,760 and ~13,740 cal yr BP (81-49 cm; 0.02-0.44 mm/yr), the 270 
high concentration of arboreal plants (90 - 65%) and the depleted mean value of δ13C 271 
(~28‰) indicate the forest dominance associated to C3 herbs during LGM, probably due 272 
to a predominantly humid climate in the period (Fig. 2). 273 
Two different sections show low substrate accumulation rates (Table 1), one of 274 
almost 6000 years, where mean calibrated ages vary from 19,310 (53 cm) to 13,740 cal 275 
yr BP (49 cm), with accumulation rates of 0.007 mm/year, and another of 4000 years 276 
from 13,650 (45 cm) to 9500 (41 cm) cal yr BP, with accumulation rates around 0.009 277 
mm/year and an age inversion at 71cm (20,880 cal yr BP). Similarly, stratigraphic records 278 
indicated low sedimentation rates and age inversions for the end of the Late Pleistocene 279 
and the beginning of Holocene in Southeast Brazil, between 23 and 12 kyr (Ledru et al. 280 
1998; Behling and Negrelle, 2001; Behling et al. 2002; Pessenda et al. 2009). In the study 281 
area, the palynology and depleted mean value of δ13C ~-28‰ attest to the dominance of 282 
forest and C3 grasses during these periods, signifying a humid climate (Fig. 2). Based on 283 
that climatic inference, the low accumulation rate is probably associated with the erosion 284 
processes caused by leaching of surface water and the water table movement. Despite the 285 
low activity found in similar substrates (Buurman and Jongmans, 2005), the bioturbation 286 
process (Gouveia and Pessenda, 2000) associated with the age inversion cannot be 287 
discarded.  288 
 
3.3.2. Holocene vegetation  289 
 290 
Between 13,740 and 7300 cal yr BP (49-21 cm; 0.009-0.02 mm/yr), herbaceous 291 
plants domain the palynological records (up to 95%), and the δ13C values ranged from ~-292 
28‰ to ~-24‰, indicating mixture of C3 and C4 sources and isotope enrichment since 293 
~9500 cal yr BP (41 cm) up to ~7300 cal yr BP (21 cm) (Fig. 2). Poaceae represents up 294 
to ~87%, followed by Cyperaceae (5% - 8%). Phytoliths from BL also indicate the 295 
presence of grasses (up to 43%) of C4 (Panicooid 2.4%) mixed to C3 herbaceous plants 296 
(Pooid 5.4%) during the same period (Calegari et al. 2017). The generas Tapirira, Ilex, 297 
and Symplocos, which were highly dominant until the end of the early glacial, between 298 
13,740 and 7300 cal yr BP (49-21 cm; 0.009-0.2 mm/yr) present lower mean percentages 299 
of 0.4, 1.4, and 6%, respectively. Laplacea, Eriotheca, Virola, and Sloanea pollen, even 300 
present in low abundance, indicate that the forest was present between 13,740 and 7300 301 
cal yr BP (49-21 cm; 0.009-0.2 mm/yr) (Fig. 3). 302 
From ~7300 cal yr BP (21 cm) to present, peat formation occurred. The TOC 303 
increases (up to 66%), the δ13C ranges from -24‰ (~7300 cal yr BP; 21 cm) to ~-30‰ 304 
(present) and C/N x δ13C (Figs. 2, 4) indicates the presence of freshwater phytoplankton, 305 
due to the water layer that maintains the local humidity and creates an anoxic place, 306 
minimizing the organic carbon degradation and supporting the peat preservation. 307 
Palynology attests that Algae as Zygnema (6 - 58%) and Spirogyra (0.3 – 6.7%) were 308 
abundant (Fig. 3).  309 
From estimated ~4000 (15 cm) to 970 cal yr BP (7 cm) pollen grains from 310 
herbaceous plants inside the bog as Poaceae (11%), Cyperaceae (7%), Asteraceae (7%) 311 
were less abundant (between 25 and 32%). Trees and shrubs around the bog presented a 312 
frequency of ~55 to 70%, as Melastomataceae/ Combretaceae (~16%), Myrtaceae (~9%), 313 
 
Alchornea (~5%), Tapirira (~2%) and Cordia (~2%). The abundance of Moraceae/ 314 
Urticaceae (4 - 23%) indicates that the forest vegetation was relatively near the bog. The 315 
abrupt abundance of Typha (250%), Potamogeton (18%), and the spore of Salvinia (11%) 316 
indicate its local colonization (Fig. 3). 317 
From estimated ~970 cal yr BP (7 cm) to present, composed by small trees and 318 
shrubs (~50 to 73%) sparsely distributed with abundance of Melastomataceae/ 319 
Combretaceae (15 - 42%), Alchornea (4 - 22%), Myrtaceae (3 - 8%), Tapirira (1 - 4%) 320 
and Cordia (0 -1%). These families and genera are found around BL, as transitional 321 
vegetation between the bog and the dense forest. Poaceae (13 - 25%) and Cyperaceae (2 322 
- 7%) mainly from C3 photosynthetic cycle and some aquatic (70 - 90%) plants as Typha 323 
(55 - 76%), Potamogeton (6 - 10%) and Echinodorus (1 - 6%) that occurs during the rainy 324 
season shows a very local signal. Despite the presence in low abundance, pollen genera 325 
strictly from the dense forest as Virola (~3%) and Chrysophyllum (0.3%), suggests that 326 
the dense forest is near BL, as exists today (Fig. 3).  327 
3.4 Modern vegetation 328 
The modern dominant vegetation within the bog BL is mainly composed of shrubs 329 
and herbs with δ13C values varying from -20.6‰ (Andropogon bicornis) to -29.8‰ 330 
(Cyperus sp.) and small trees as Alchornea triplinervia, δ13C -29.3‰ (Fig 5). Only 331 
dominant grass Andropogon bicornis presents C4 photosynthetic cycle (δ
13C: -20.6‰). 332 
The values range of C3 plants may be attributed to the water layer present in the bog, since 333 
the high humidity is suitable for its development and establishment. 334 
 335 
3.5 Paleoenvironmental Interpretation 336 
3.5.1 Late Pleistocene 337 
 
 Palynology and carbon isotope indicate the presence of a typically cold and 338 
dense forest near the BL bog in a terrestrial organic matter sources domain from ~33,460 339 
cal yr BP to ~25,760 cal yr BP (103-81 cm; 0.06-0.02 mm/yr). In Colônia crater, São 340 
Paulo State, Ledru et al. (2009) recorded a pollen assemblage associated with a cold forest 341 
during the time interval between 30 and 23k cal yr BP, which reflect forest expansion and 342 
a cold and wet climate. Similar climate conditions were also characterized in Salitre, 343 
Minas Gerais State (Ledru et al. 1996), and in the marine core GeoB3202-1 344 
(21°37'S/39°58'W; Behling et al. 2002) for the same period, and those data are 345 
comparable to BL.  346 
From ~25,760 and ~13,740 cal yr BP (81-49 cm; 0.04-0.44 mm/yr) the slight 347 
increase of herbs probably occurred due to C3 Poaceae/Cyperaceae locally occupying the 348 
bog, once the carbon isotope is around ~-28‰ (Fig. 2). In the Colônia crater, the 349 
biodiversity index decreased, and open vegetation dominated by Poaceae replaced the 350 
rainforest between 23 and 12k yr BP. During the LGM dry and erosive climatic conditions 351 
were predominant (Ledru et al. 2009). Such climatic conditions were also characterized 352 
by other palynological records in southeastern Brazil (Ledru et al. 1996, 1998; Behling et 353 
al. 2002).  354 
 Despite the differences in floristics composition comparing the vegetation from 355 
LGM to present in the BL, it is possible to assume that the forest was stable in a 356 
predominantly humid climate during the end of the Late Pleistocene. The maintenance of 357 
forest vegetation since the Late Pleistocene in northern Espirito Santo was also noted by 358 
Buso Junior et al. (2013). According to the authors, δ13C analysis of soil organic matter 359 
at the forest and grassland sites suggest the dominance of C3 plants and humidity 360 
conditions since ~17,000 cal yr BP.  361 
 
The BL data for Late Pleistocene is consistent with data obtained from noble gases 362 
from Piaui state (Stute et al. 1995), which suggests a cooling of 5°C during the LGM 363 
across the Americas between 40°N and 40°S. Studies in speleothems refer to LGM,  as 364 
wet period in Southeastern Brazil (Cruz Junior et al. 2005, 2006, 2007; Cheng et al. 2012), 365 
due to the expansion of Ice sheets in Northern Hemisphere, causing a southward shift in 366 
the Intertropical Convergence Zone (ITCZ) (Wang et al. 2004) and the strengthened of 367 
the South America monsoon system. In agreement with moister conditions indicated by 368 
speleothem data, Ledru et al. (2016) cited the presence of semideciduous and evergreen 369 
forests at low latitudes during the late glacial, however, with a floristic composition 370 
different from actual.  371 
Similar data was also recorded for the Serra do Mar State Park – Curucutu and the 372 
Cardoso Island (Pessenda et al. 2009, 2012), São Paulo state, southeastern Brazilian coast. 373 
Between 22,780 and 12,000 cal yr BP Curucutu site was characterized by a forested 374 
landscape with montane species such as Araucaria, Podocarpus, and Weinmannia, an 375 
increase of algal spores and a more significant contribution of C3 grasses, which suggest 376 
a cold and humid climate (Pessenda et al. 2009). The same line of reasoning applies to 377 
Cardoso Island, ~170 km of Curucutu, where the pollen record indicated a cool climate 378 
forest in the period from ~29,500 to ~23,000 cal yr BP (Pessenda et al. 2012).  379 
Speleothems at the Botuverá cave, southern Brazil, recorded higher δ13C and low 380 
stalagmite growth rates between 116 and 19k cal yr BP and reflect a significant cooling 381 
during the glacial period, probably due to incursions of polar cold air over south 382 
hemisphere (Cruz et al. 2006). In the Linhares region, northern Espirito Santo, Buso 383 
Junior et al. (2013) postulated that polar air masses may have reached the studied area 384 
during the Late Pleistocene and early Holocene, which allowed the maintenance of the 385 
forest due to frontal precipitation and a humid climate. 386 
 
3.5.2 Holocene 387 
From 13,740 to 7300 cal yr BP (49-21 cm; 0.44-0.02 mm/yr), the herbaceous 388 
plants domain and the carbon isotope enrichment (up to ~-24‰) (Fig. 2) together with 389 
the phytoliths results (Calegari et al. 2017) indicating the presence of C3 and C4 grasses 390 
probably due to a less humid climate. Although, the presence of Zygnema and Spirogyra 391 
algae during the same period (Fig. 3) may be indicative of a high seasonal system, with 392 
wet and dry seasons well defined. Even so, this opening of vegetation recorded at the bog 393 
probably did not occur at the forest, once it is possible to find dense forest specimens at 394 
the pollen records such as Virola, Laplacea and Sloanea, even in low abundance (Fig. 3).   395 
A palynological study by Buso Junior (2015) of Lake Canto Grande, north of 396 
Espirito Santo and 13 km far from BL, revealed that the species composition of the forest 397 
around the lake between 11000 and 7700 cal yr BP presented differences in relation with 398 
the modern Tabuleiro’s forest, probably due to a less humid period. The relatively dry 399 
period in the region may have influenced the sedimentation of sand-rich sediments and 400 
alluvial processes (Lorente et al. 2018). The same context was observed by Garcia et al. 401 
(2004) at Jacareí deposits, São Paulo State, where the authors recorded Poaceae pollen 402 
increase and drop in the sedimentation rate between ~8000 and ~5000 cal yr BP, 403 
reflecting a less humid climate. 404 
At Nativo do Flamengo, 11 km from BL, herbs-dominated record and pollen of 405 
Rheedia brasiliensis, a typical species which occur on sandy soils of dry and seasonally 406 
flooded areas, may indicate a less humid climate at the region before 7000 yr BP (Buso 407 
Junior et al. 2019). In addition, depleted δ13C values, the dominance of C3 plants, and the 408 
presence of freshwater sponge spicules suggest that a more humid climate and the 409 
establishment of the wetland may have occurred around 7000 years BP, which is also 410 
comparable to BL.   411 
 
A transgressive sea level was recorded in Brazil during Holocene, starting to rise 412 
at ~6500 14C yr BP (~ 7400 cal yr BP) with a peak at ~5000 14C yr B.P (~5700 cal yr BP) 413 
(Suguio and Martin, 1981; Suguio et al. 1985; Angulo et al. 2006). This record is in 414 
accordance with the peat formation and the presence of freshwater phytoplankton found 415 
at BL around ~7300 cal yr BP. As the bog is placed at ~45 m.a.sl, located far away from 416 
the coast (~33 km) and has no link to the tidal channel, all the water source comes from 417 
rain and the water table, probably mainly driven by climatic conditions and influenced by 418 
the water base level during Holocene sea-level rise. 419 
Climate changes reported during Late Holocene have contributed to the local 420 
moisture due to the intensification of the South America Monsoon System for the last 421 
~4000 cal yr BP, caused by the increase of summer insolation (Cruz Junior et al. 2005) 422 
corroborated by many authors throughout Atlantic Rainforest (Behling et al. 1997; Ledru 423 
et al. 2005; Pessenda et al. 2009, 2010). According to Buso Junior et al. (2013), the 424 
modern climate in the Linhares region was established in the last 4000 years. The 425 
abundance of Typha, Potamogeton, and the spore of Salvinia, together with the 426 
correlation C/N x δ13C, probably indicates flooding episodes at BL mainly from ~2140 427 
(11 cm) to ~970 (estimated age; 7 cm) cal yr BP (Figs. 3, 4).  428 
Since ~823 cal yr BP (5 cm – estimated age) the pollen testifies the establishment 429 
of current vegetation inside the bog, composed by small trees and shrubs sparsely 430 
distributed between Poaceae and Cyperaceae, aquatic plants that occurs during the rainy 431 
season and the Tabuleiro’s forest surrounding the area. Pollen traps implanted for 20 432 
months at Nativo da Gavea, whose vegetation structure is similar to BL, 13 km southeast 433 
(19°12’29’’S/ 39°57’46’’W), presented similar pollen percentages and assembly when 434 
compared to surface samples from BL. Trees and shrubs were well represented (60%) 435 
and herbs (31%) while aquatic herbs were absent, probably because Nativo da Gavea does 436 
 
not become flooded as BL during the rainy season (Buso Junior, 2015). At Nativo do 437 
Flamengo pollen, and sponge spicules analysis also attested the current condition since 438 
~950 cal yr BP (Buso Junior 2015; Buso Junior et al. 2019). 439 
Paleodata obtained from BL has shown the long-term stability of the rainforest 440 
biome under LGM condition, confirming the modeling and phylogenetic studies, despite 441 
the differences in its floristic composition. Our data reflect a forest with cold and humid 442 
adapted species during the last glacial period, and a bog herb-dominated probably due to 443 
a less humid climate in the early and mid-Holocene. The current floristic composition 444 
only established since the Late Holocene.  445 
In contrast to the refugium model (Haffer and Prance, 2002) and the “Historically 446 
stable forest” (Carnaval and Moritz, 2008), results indicate that the patterns of 447 
biodiversity are not an ancient refuge from Pleistocene, but have undergone a significant 448 
change, with no analog assemblage in the Pleistocene. Due to its resilience to climate 449 
change, this complex tropical ecosystem in the north of Espirito Santo state can be 450 
considered a biodiversity hotspot and an important area for conservation priorities.  451 
4. Conclusions 452 
Based on pollen and isotopes records obtained since Late Pleistocene and LGM 453 
at BL, it is possible to assume that the dense forest was stable, but the floristics has 454 
changed through time, from cold to warm specimens, since the pollen assemblage is 455 
significantly distinct in its pollen zones. During the Early and Mid- Holocene, occurred 456 
probably a vegetation opening recorded inside the bog, maybe due to a less humid period, 457 
but did not affect the Tabuleiro’s forest drastically. The current floristic composition was 458 
established since the Late Holocene. Considering the past environmental changes in the 459 
Atlantic forest, our data can highlight the importance of forest conservation in the area to 460 
maintain the biodiversity in the face of future climate changes.  461 
 
Acknowledgments 462 
This study was funded by Fundação de Amparo à Pesquisa do Estado de São Paulo 463 
(FAPESP, Brazil 2013/15768-1 and 2011/0095-7) and Conselho Nacional de 464 
Desenvolvimento Científico e Tecnológico (CNPq, Brazil 200086/2016-2). We thank the 465 
editors, an anonymous reviewer and Ercani Montoya for their constructive comments that 466 
helped us to improve this paper.   467 
 
References 468 
Angulo, R.J., Lessa, G.C., De Souza, M.C.A., 2006. Critical review of mid to late 469 
Holocene Sea-level fluctuations on the eastern Brazilian coastline. Quat Sci Rev. 25, 486-470 
506. https://doi:10.1016/j.quascirev.2005.03.008. 471 
Behling, H., Lichte, M., 1997. Evidence of dry and cold climatic conditions at glacial 472 
times in tropical southeastern Brazil. Quat Res. 8, 348–358. 473 
https://doi.org/10.1006/qres.1997.1932. 474 
Behling, H., Negrelle, R.R.B., Colinvaux, P.A., 1997. Modern pollen rain data from the 475 
tropical Atlantic rain forest, Reserva Volta Velha, South Brazil. Rev Palaeobot Palynol. 476 
97, 287-299. https://doi.org/10.1016/S0034-6667(96)00073-5. 477 
Behling, H., Negrelle, R.R.B., 2001. Tropical Rain Forest and Climate Dynamics of the 478 
Atlantic Lowland, Southern Brazil, during the Late Quaternary. Quat Res. 56, 383–389. 479 
https://doi.org/10.1006/qres.2001.2264. 480 
Behling, H., Arz, H.W., Pätzold, J., Wefer, G., 2002. Late Quaternary vegetational and 481 
climate dynamics in southeastern Brazil, inferences from marine cores GeoB 3229-2 and 482 
GeoB 3202-1. Palaeogeogr Palaeoclimatol Palaeoecol. 179, 227-243.40. 483 
https://doi.org/10.1016/S0031-0182(01)00435-7. 484 
Behling, H., Negrelle, R. R. B., 2006. Vegetation and pollen rain relationship from the 485 
Tropical Atlantic rain forest in Southern Brazil. Braz Arch Biol Technol. 49 (4), 631-642. 486 
https://doi.org/10.1590/S1516-89132006000500013.  487 
 
Blaauw, M., Christen, J.A., 2011. Flexible paleoclimate age-depth models using an 488 
autoregressive gamma process. Bayesian Analysis. 6, 457-474. 489 
https://doi.org/10.1214/11-BA618 490 
Boulet, R., Pessenda, L.C.R., Telles, E.C.C., Melfi, A.J., 1995. Une évaluation de la 491 
Vitesse de l’accumulation superficielle de mtière par la faune du sol à partir de la datation 492 
des charbons et de l’humine du sol. Example des latosols des versants du lac Campestre, 493 
Salitre, Minas Gerais, Brésil. C.R.Acad.Sci. 320 (2), 287-294. 494 
Boutton, T.W., Archer, S.R., Midwood, A.J., Zitzer, S.F., Bol, R., 1998. δ13C values of 495 
soil organic carbon and their use in documenting vegetation change in a subtropical 496 
savanna ecosystem. Geoderma. 82, 5-41. https://doi.org/10.1016/S0016-7061(97)00095-497 
5. 498 
Buurman, P., Jongmans, A.G., 2005. Podzolisation and soil organic matter dynamics. 499 
Geoderma. 125, 71-83. https://doi.org/10.1016/j.geoderma.2004.07.006. 500 
Buso Junior, A.A., Pessenda, L.C.R., De Oliveira, P.E., Cohen, M.C., Giannini, P. C.F., 501 
Schiavo, J.A., Rossetti, D.F., Volkmer-Ribeiro, C., Oliveira, S.M.B., Lorente, F.L., 502 
Borotti Filho, M.A., Bendassolli, J.A., França, M.C., Guimarães, J.T.F., Siqueira, G.S., 503 
2013. Late Pleistocene and Holocene vegetation, climate dynamics, and Amazonian taxa 504 
at Atlantic Rainforest – Linhares, ES, southeastern Brazil. Radiocarbon. 55 (2-3), 1747-505 
1762. https://doi.org/10.1017/S0033822200048669.  506 
Buso Junior, A.A., 2015. Dinâmica dos espodossolos, da vegetação e do clima durante o 507 
Quaternário tardio na região nordeste do estado do Espírito Santo. PhD dissertation 508 
(Universidade de São Paulo, São Paulo, Brazil). Available at 509 
 
https://dx.doi.org/10.11606/T.64.2015.tde-24082015-142743. Accessed September 09, 510 
2016.  511 
Buso Junior, A.A., Pessenda, L.C.R., Mayle, F.E., Lorente, F.L., Volkmer-Ribeiro, C., 512 
Schiavo, J.S., Pereira, M.G., Bendassolli, J.A., Macario, K.C.D., Siqueira, G.S., 2019. 513 
Paleovegetation and paleoclimate dynamics during the last 7000 years in the Atlantic 514 
forest of Southeastern Brazil based on palynology of a waterlogged sandy soil. Rev 515 
Palaeobot Palynol. 264, 1–10. https://doi.org/10.1016/j.revpalbo.2019.02.002. 516 
Calegari, M.R., Madella, M., Tagliari, B.L., Pessenda, L.C.R., Buso Junior, A.A., 517 
Francisquini, M.I., Bendassolli, J.A., Vidal-Torrado, P., 2017. Potential of soil phytoliths, 518 
organic matter and carbon isotopes for small-scale differentiation of tropical rainforest 519 
vegetation: A pilot study from the camposnativos of the Atlantic Forest in Espírito Santo 520 
State (Brazil). Quat Int. 437, 156-164. https://doi.org/10.1016/j.quaint.2016.01.023.  521 
Carnaval, A.C., Moritz, C., 2008. Historical climate modeling predicts patterns of current 522 
biodiversity in the Brazilian Atlantic forest. J Biogeogr. 35, 1187–1201. 523 
https://doi.org/10.1111/j.1365-2699.2007.01870.x.  524 
Carnaval, A.C., Hickerson, M.J., Haddad, C.F.B., Rodrigues, M.T., Moritz, C., 2009. 525 
Stability predicts genetic diversity in the Brazilian Atlantic Forest Hotspot. Science. 323, 526 
785-789. https://doi.org/10.1126/science.1166955. 527 
Carvalho, L.M.V., Jones, C., Liebmann, B., 2004. The South Atlantic Convergence Zone: 528 
intensity, form, persistence, and relationships with intraseasonal to interanual activity and 529 
extreme rainfall. J Clim. 17, 88–108. https://doi.org/10.1175/1520-530 
0442(2004)017<0088:TSACZI>2.0.CO;2 531 
 
Cheng, H., Sinha, A., Wang, X., Cruz, F.W., Edwards, R.L., 2012. The global 532 
paleomonsoon as seen through speleothem records from Asia and the Americas. Clim 533 
Dyn. 39, 1045–1062. https://doi.org/10.1007/s00382-012-1363-7. 534 
Coelho, M.R., Vidal-Torrado, P., Pérez, X.L.O., Martins, V.M., Vázquez, F.M., 2010. 535 
Química e gênese de solos desenvolvidos sob vegetação de restinga no estado de São 536 
Paulo. Rev Bras Cienc Solo. 34, 1951-1964. https://doi.org/10.1590/S0100-537 
06832010000600020. 538 
Colinvaux, P., De Oliveira, P.E., Moreno, E.P., 1999. Pollen Manual and Atlas/Manual e 539 
Atlas Palinológico da Amazônia. (Harwood Academic Publishers, Amsterdam), 322 pp. 540 
Cruz Junior, F.W., Burns, S.J., Karmann, I., Sharp, W.D., Vuille, M., Cardoso, A.O, 541 
Ferrari, J.A., Dias, P.L.S., Vianna Junior, O., 2005. Insolation-driven changes in 542 
atmospheric circulation over the past 116,000 years in subtropical Brazil. Nature. 434 543 
(7029), 63-66. https://doi.org/10.1038/nature03365. 544 
Cruz Junior, F.W., Burns, S.J., Karmann, I., Sharp, W.D., Vuille, M., 2006. 545 
Reconstruction of regional atmospheric circulation features during the Late Pleistocene 546 
in subtropical Brazil from oxygen isotope composition of speleothems. Earth Planet Sci 547 
Lett. 248, 495–507. https://doi.org/10.1016/j.epsl.2006.06.019.  548 
Cruz Junior, F.W., Burns, S.J., Jercinovic, M., Sharp, W.D., Karmann, I., Vuille, M., 549 
2007. Evidence of rainfall variations in Southern Brazil from trace element ratios (Mg/ 550 
Ca and Sr/ Ca) in a Late Pleistocene stalagmite. Geochim Cosmochim Acta. 71, 2250–551 
2263. https://doi.org/10.1016/j.gca.2007.02.005.  552 
 
De Oliveira, P.E., 1992. A Palynological record of Late Quaternary vegetation and 553 
climatic change in Southeastern Brazil. Thesis (PhD) (The Ohio State University, 554 
Columbus, OH). 555 
Dominguez, J.M.L., Bittencourt, A.C.S.P., Martin, L., 1992. Controls on Quarternary 556 
coastal evolution of the east-northeastern coast of Brazil: roles of sea-level history, trade 557 
winds and climate. Sediment Geol. 80, 213-232. 558 
Fritsch, E., Allard, T., Benedetti, M.F., Bardy, M., Do Nascimento, N.R., Li, Y., Calas, 559 
G., 2009. Organic complexation and translocation of ferric iron in podzols of the Negro 560 
River watershed. Separation of secondary Fe species from Al species. Geochim 561 
Cosmochim Acta. 73, 1813–1825. https://doi.org/10.1016/j.gca.2009.01.008.  562 
Fritsch, E., Balan, E., Do Nascimento, N.R., Allard, T., Bardy, M., Bueno, G., Derenne, 563 
S., Melfi, A.J., Calas, G., 2011. Deciphering the weathering processes using 564 
environmental mineralogy and geochemistry: Towards an integrated model of laterite and 565 
podzol genesis in the Upper Amazon Basin, C R Geoscience. 343, 188–198. 566 
https://doi.org/10.1016/j.crte.2010.11.002.  567 
Garcia, M.J., De Oliveira, P.E., Siqueira, E., Fernandes, R.S., 2004. A Holocene 568 
vegetational and climatic record from the Atlantic rainforest belt of coastal State of São 569 
Paulo, SE, Brazil. Rev. Palaeobot. Palynol. 131, 181-199. 570 
https://doi.org/10.1016/j.revpalbo.2004.03.007.   571 
Garreaud, R.D., Vuille, M., Compagnucci, R., Marengo, J., 2009. Present-day South 572 
American climate. Palaeogeogr Palaeoclimatol Palaeoecol. 281, 180–195. 573 
https://doi.org/10.1016/j.palaeo.2007.10.032.  574 
 
Gomes, F.H., Vidal-Torrado, P., Macías, F., Gherardi, B., Perez, X.L.O., 2007. Solos sob 575 
vegetação de restinga na Ilha do Cardoso (SP): II e Mineralogia das frações silte e argila. 576 
Rev Bras Cienc Solo. 31, 1581 -1589. https://doi.org/10.1590/S0100-577 
06832007000600033. 578 
Gouveia, S.E.M., Pessenda, L.C.R., 2000. Datation par le C-14 de charbons inclus dans 579 
le sol pour l'étude du rôle de la remontée biologique de matière et du colluvionnement 580 
dans la formation de latosols de l'état de São Paulo, Brésil. C R Acad Sci. 330, 133-138. 581 
https://doi.org/10.1016/S1251-8050(00)00114-2. 582 
Gouveia, S.E.M., Pessenda, L.C.R., Aravena, R., Boulet, R., Scheel-Ybert, R., 583 
Bendassolli, J.A., Ribeiro, A.S., Freitas, H.A., 2002. Carbon isotopes in charcoal and soils 584 
in studies of paleovegetation and climate changes during the late Pleistocene and the 585 
Holocene in the southeast and centerwest regions of Brazil. Glob and Planet Change. 33, 586 
95-106. https://doi.org/10.1016/S0921-8181(02)00064-4.  587 
Grimm, E.C., 1992. Tilia and Tilia-graph: pollen spreadsheet and graphics program. 588 
Program and abstracts, 8th International Palynological Congress, Aixen-Provence, France 589 
(Springer, Heidelberg) p. 56. 590 
Haffer, J., Prance, G.T., 2002. Impulsos climáticos da evolução na Amazônia durante o 591 
Cenozóico: sobre a teoria dos Refúgios da diferenciação biótica. Estudos Avançados. 6 592 
(46),175-206. https://doi.org/10.1590/S0103-40142002000300014. 593 
IBGE., 1987. Folha SE. 24 Rio Doce: geologia, geomorfologia, pedologia, vegetação, 594 
uso potencial da terra. (RADAMBRASIL), 548 pp. 595 
 
Köppen, W., 1948. Climatologia: con um estudio de los climas de la tierra. Fondo de 596 
Cultura Econômica, México 479 pp. 597 
Ledru, M-P., Braga, P.I.S., Soubiès, F., Fournier, M., Martin, L., Suguio, K., Turcq, B., 598 
1996. The last 50,000 years in the Neotropics (Southern Brazil): Evolution of vegetation 599 
and climate. Palaeogeogr Palaeoclimatol Palaeoecol. 123, 239-257. 600 
https://doi.org/10.1016/0031-0182(96)00105-8.  601 
Ledru, M-P., Bertaux, J., Sifedine, A., Suguio, K., 1998. Absence Last Glacial Maximum 602 
records in lowland tropical forests. Quat Res. 49, 233-237. 603 
https://doi.org/10.1006/qres.1997.1953.  604 
Ledru, M-P., Rousseau, D.D., Cruz, F.W., Riccomini, C., Karmann, I., Martin, L., 2005. 605 
Paleoclimate changes during the last 100,000 yr from a record in the Brazilian Atlantic 606 
rainforest region and interhemispheric comparison. Quat Res. 64, 444-450. 607 
https://doi.org/10.1016/j.yqres.2005.08.006.  608 
Ledru, M-P., Mourguiart, P., Riccomini, C., 2009. Related changes in biodiversity, 609 
insolation and climate in the Atlantic rainforest since the last interglacial. Palaeogeogr 610 
Palaeoclimatol Palaeoecol. 271, 140-152. https://doi.org/10.1016/j.palaeo.2008.10.008.  611 
Ledru, M-P., Montade, V., Blanchard, G., Hély, C., 2016. Long-term spatial changes in 612 
the distribution of the Brazilian Atlantic Forest. Biotropica. 48 (2), 159-169. 613 
https://doi.org/10.1111/btp.12266.  614 
Ledru, M-P., Carnaval, A.C., Miyaki, C.Y., Biota, A.F., 2017. Integrating paleoecology 615 
and phylogeography revelas congruent bioclimatic regions in the Brazilian Atlantic 616 
forest. PAGES, 25 (2), 92-93. https://doi.org/10.22498/pages.25.2.92. 617 
 
Leite, Y.R.L., Costa, L.P., Loss, A.C., Rocha, R.G., Batalha-Filho, H., Bastos, A.C., 618 
Quaresma, V.S., Fagundes, V., Paresque, R., Passamani, M., Pardini, R., 2016. 619 
Neotropical forest expansion during the last glacial period challenges refuge hypothesis. 620 
Proc Natl Acad Sci U S A. 113 (4), 1008–1013. 621 
https://doi.org/10.1073/pnas.1513062113.  622 
Lorente, F.L., Pessenda, L.C.R., Oboh-Ikuenobe, F., Buso Junior, A.A., Rossetti, D.F., 623 
Giannini, P.C.F., Cohen, M.C.L., De Oliveira, P.E., Mayle, F.E., Francisquini, M.I., 624 
França, M.C., Bendassolli, J.A., Macario, K., 2018. An 11,000-year record of 625 
depositional environmental change based upon particulate organic matter and stable 626 
isotopes (C and N) in a lake sediment in southeastern Brazil. Journal of South American 627 
Earth Sciences. 84, 373-384. https://doi.org/10.1016/j.jsames.2018.04.006.  628 
Macario, K.D., Gomes, P.R.S., Anjos, R.M., Carvalho, C., Linares, R., Alves, E.Q., 629 
Oliveira, F.M., Castro, M.D., Chanca, I.S., Silveira, M.F.M., Pessenda, L.C.R., Moraes, 630 
L.M.B., Campos, T.B., Cherkinsky, A., 2013. The Brazilian AMS radiocarbon laboratory 631 
(LAC-UFF) and the intercomparison of results with CENA and UGAMS. Radiocarbon. 632 
55 (2-3), 325-330. https://doi.org/10.1017/S003382220005743X.  633 
Mafra, A.L., Miklós, A.A.W., Volkoff, B., Melfi, A.J., 2002. Pedogenesis in an Oxisol-634 
Spodosol sequence at the upper Rio Negro region, Amazonia. Rev Bras Cienc Solo. 26, 635 
381-394. https://doi.org/10.1590/S0100-06832002000200012. 636 
Meyers, P.A., 2003. Applications of organic geochemistry to paleolimnological 637 
reconstructions: a summary of examples from the Laurentian Great Lakes. Org Geochem. 638 
34, 261–289. https://doi.org/10.1016/S0146-6380(02)00168-7.  639 
 
Mori, S.A., Boom, B.M., Prance, G.T., 1981. Distribution patterns and conservation of 640 
eastern Brazilian coastal forest tree species. Brittonia. 33 (2), 233-245. 641 
https://doi.org/10.2307/2806330.  642 
Nikodem, A., Kodešová, R., Bubeníčková, L., 2013. Simulation of the influence of 643 
rainfall redistribution in spruce and beech forest on the leaching of Al and SO4
-2 from 644 
forest soils. J Hydrol Hydromech. 61 (1), 39–49. https://doi.org/10.2478/johh-2013-0006. 645 
Oliveira-Filho, A.T., Fontes, M.A.L., 2000. Patterns of floristic differentiation among 646 
Atlantic Forests in Southeastern Brazil and the influence of climate. Biotropica. 32 (4b), 647 
793–810. https://doi.org/10.1111/j.1744-7429.2000.tb00619.x. 648 
Oliveira, A.P., Ker, J.C., Silva, I.R., Fontes, M.P.F., Oliveira, A.P., Neves, A.T.G., 2010. 649 
Spodosols pedogenesis under Barreiras Formation and Sandbank environments in the 650 
South of Bahia. Rev Bras Cienc Solo. 34, 847 – 860. https://doi.org/10.1590/S0100-651 
06832010000300026.  652 
Pessenda, L.C.R., Valencia, E.P.E., Camargo, P.B., Telles, E.C.C., Martinelli, L. A., 653 
Cerri, C.C., Aravena, R., Rozanskj, K., 1996. Natural radiocarbon measurements in 654 
Brazilian soils developed on basic rocks. Radiocarbon. 38 (2), 203-208. 655 
https://doi.org/10.1017/S0033822200017574.  656 
Pessenda, L.C.R., Ribeiro, A.S., Gouveia, S.E.M., Aravena, R., Boulet, R., Bendassolli, 657 
J.A., 2004. Vegetation dynamics during the late Pleistocene in the Barreirinhas region, 658 
Maranhão State, northeastern Brazil, Based on carbon isotopes in soil organic matter. 659 
Quat Res. 63, 183-193. https://doi.org/10.1016/j.yqres.2004.06.003.  660 
 
Pessenda, L.C.R., De Oliveira, P.E., Mofatto, M., Medeiros, V.B., Francischetti, R.J., 661 
Aravena, R., Bendassoli, J.A., Zuniga, L.A., Saad, A.R., Etchebehere, M.L., 2009. The 662 
evolution of a tropical Rainforest/grassland mosaic in southeastern Brazil since 28,000 663 
14C yr BP based on carbon isotopes and pollen records. Quat Res. 71, 437-452. 664 
https://doi.org/10.1016/j.yqres.2009.01.008.  665 
Pessenda, L.C.R., Saia, S.E.M.G., Gouveia, S.E.M., Ledru, M.-P., Sifeddine, A., Amaral, 666 
P.G.C., Bendassolli, J.A., 2010. Last millennium environmental changes and climate 667 
inferences in the Southeastern Atlantic forest, Brazil. An Acad Bras Cienc. 82 (3), 717–668 
729. https://doi.org/10.1590/S0001-37652010000300019. 669 
Pessenda, L.C.R., Vidotto, E., De Oliveira, P.E., Buso Junior, A.A., Cohen, M.C.L., 670 
Ricardi-Branco, F., Bendassolli, J.A., 2012. Late Quaternary vegetation and coastal 671 
environmental changes at Ilha do Cardoso mangrove, southeastern Brazil. Palaeogeogr 672 
Palaeoclimatol Palaeoecol. 363-364, 57-68. 673 
https://doi.org/10.1016/j.palaeo.2012.08.014.  674 
Prance, G.T., 1982. A review of the phytogeographic evidences for Pleistocene climate 675 
changes in the neotropics. Ann Mo Bot Gard. 69 (3), 594-624. 676 
https://doi.org/10.2307/2399085.  677 
Prance, G.T., 1987. Biogeography of Neotropical plants. In: Whitmore T C, Prance G T 678 
(Ed.). Biogeography and Quaternary history in tropical America (Oxford Biogeography 679 
Series, book 3), 46-65. https://doi.org/10.1890/03-5369. 680 
Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Ramsey, C.B., Buck, 681 
C.E., Cheng, H., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P., 682 
Haflidason, H., Hajdas, I., Hattã, C., Heaton, T.J., Hogg, A.G., Hughen, K.A., Kaiser, 683 
 
K.F., Kromer, B., Manning, S.W., Niu, M., Reimer, R.W., Richards, D.A., Scott, E.M., 684 
Southon, J.R., Turney, C.S.M., Van Der Plicht, J., 2013. IntCal13 and MARINE13 685 
radiocarbon age calibration curves 0-50000 years calBP. Radiocarbon. 55 (4),1869-1887. 686 
https://doi.org/10.2458/azu_js_rc.55.16947.  687 
Rizzini, C.T., 1997. Tratado de fitogeografia do Brasil. Rio de Janeiro: Âmbito Cultural, 688 
747 pp. 689 
Saia, S.E.M.G., Pessenda, L.C.R., Gouveia, S.E.M., Aravena, R., Bendassoli, J.A., 2008. 690 
Last glacial maximum vegetation in the Atlantic Forest, southeastern Brazil. Quat Int. 691 
184,195-201.19. https://doi.org/10.1016/j.quaint.2007.06.029.  692 
Santos, R.D., Araújo, W.S., Claessen, M.E.C., Paula, J.L., Souza, J.L.R., Perez, D.V., 693 
Souza, J.S.,2004. Levantamento expedito dos solos das reservas florestais de Linhares e 694 
Sooretama no estado do Espírito Santo. Boletim de Pesquisa e Desenvolvimento 695 
(Embrapa Solos). 49, 58 pp. 696 
Santos, H.G., Jacomine, P.K.T., Anjos, L.H.C., Oliveira, V.A., Lumbreiras, J.F., Coelho, 697 
M.R., Oliveira, J.B., 2013. Sistema brasileiro de classificação de solos, Embrapa, Brasília, 698 
(3), 353 pp. 699 
Scharpenseel, H.W., Becker-Heidmann, P., 1992. Twenty-five years of radiocarbon 700 
dating soils: paradigma of erring and learning. Radiocarbon. 34 (3), 541-549. 701 
https://doi.org/10.1017/S0033822200063803.  702 
Schiavo, J.A., Pesssenda, L.C.R., Buso Junior, A.A., Calegari, M.R., Fornari, M., 703 
Secretti, M.L., Pereira, M.G., Mayle, F.E., 2020. Genesis and variation spatial of Podzol 704 
in depressions of the Barreiras Formation, northeastern Espírito Santo State, Brazil, and 705 
 
its implications for Quaternary climate change. Journal of South American Earth 706 
Sciences. 98, 102435. https://doi.org/10.1016/j.jsames.2019.102435. 707 
Smith, L.B., 1962. Origins of the flora of southern Brazil. Contributions from the United 708 
States National Herbarium. 35 (3/4), 215-249. 709 
Stevaux, J.C., 2000. Climatic events during the late Pleistocene and Holocene in the 710 
Upper Parana River: correlation with NE Argentina and South-Central Brazil. Quat Int. 711 
72, 73–85. https://doi.org/10.1016/S1040-6182(00)00023-9.  712 
Stute, M., Forster, M., Fruschkorn, H., Sarejo, A., Clark, J.F., Schlosser, P., Broecker, 713 
W.S., Bonani, G.,1995. Cooling of tropical Brazil (5 °C) during the Last Glacial 714 
Maximum. Science. 269 (5222), 379 – 383. 715 
https://doi.org/10.1126/science.269.5222.379. 716 
Suguio, K., Martin, L., 1981. Significance of Quaternary sea-level fluctuations for delta 717 
construction along the Brazilian Coast. Geo-Marine Letters. 1, 181-185. 718 
https://doi.org/10.1007/BF02462431.  719 
Suguio, K., Martin, L., Bittencourt, A.C.S.P., Dominguez, J.M.L., Flexor, J.M., Azevedo, 720 
A.E.G., 1985. Flutuações do nível relativo do mar durante o Quaternário Superior ao 721 
longo do litoral brasileiro e suas implicações na sedimentação costeira. Revista Brasileira 722 
de Geociências. 15 (4), 273-286.  723 
 724 
Wang, X., Auler, A.S., Edwards, R.L., Cheng, H., Cristalli, P.S., Smart, P.L., Richards, 725 
D.A., Shen, C.C., 2004. Wet periods in northeastern Brazil over the past 210 kyr linked 726 
to distant climate anomalies. Nature. 432, 740 – 743. 727 
https://doi.org/10.1038/nature03067. 728 
 
Figure captions 729 
 730 
Figure 1. Study area. A) Map of Brazil emphasizing biomes distribution and the study 731 
area. The numbers indicate paleoenvironmental reconstruction studies on south and 732 
southeastern Brazil. 1. Linhares (ES): Buso Junior et al. 2013, 2019; Buso Junior, 2015. 733 
2. Marine Core GeoB3202-1 (ES): Behling et al. 2002. 3. Salitre (MG): Ledru, 1996. 4. 734 
Jacareí (SP): Garcia et al. (2004). 5. Colônia Crater (SP): Ledru et al. (2009). 6. Curucutu 735 
(SP): Pessenda et al. (2009). 7. Cardoso Island (SP): Pessenda et al. (2012). 8. Botuverá 736 
Cave (SC): Cruz Junior et al. 2005, 2006. The red dot indicates the Brejo do Louro’s 737 
location. B) Image obtained from Google Earth showing BL bog surrounded by dense 738 
forest. C) Modern photograph from BL.  739 
Figure 2. 14C age-depth model (mean cal yr BP), grain size (%), pollen and spores groups 740 
percentage, total organic carbon (TOC), total nitrogen (TN), C/N, and δ13C values.  741 
Figure 3. 14C ages, grain size (%), and taxa percentage from BL core. White and gray 742 
horizontal bars indicate zones generated by CONISS. 743 
Figure 4. Correlation between δ13C and C/N and their meaning (Meyers, 2003): C4 Land 744 
plants, C3 Land plants, and Lacustrine algae.   745 
Figure 5. Most representative plants collected around the sampling point, the isotopic 746 
value (δ13C), and habit.  747 
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 749 
